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This inve?^t1of^ relatss to $ m^th&d srs^s y1tra$ou?>d apparsitys 
for 85§ssur1ng the velocity of bkod flow m6 especially to 
Hdifecttonal yfeloctty s&e&syrejsgnt In s systgRi having quadratyr^ 
echo signsi desissdiiiatlon. 

S Blood veTocIt)' cm bs detected by sseasaflns ^^^8 Doppler 

shifts In frequency impa^rted: to ultrasoMnd fey ref lection from 
mm rsg rsd oct4 cei t s , f % s i ci b &y1 n§ Ooppi «r ; gig thsds 

for diagnostic purposes arfe 1nt#rest?B:d not only Irs est1matifi§ 
¥&ioc1ty but also in deteriBintng whether blsjpd flow is taking 

10 pli^&e towards nr »my frm the ultrssooife trarisducerx Tills 
fie0d foir b1difes(£;tiDnaT velOSlt;^ iseasurea^nt of bl6»d f Im Ims 
feesspe well accisptedv particularly since It w«s possible to 
proye tbat in £«ft&1n cas&s» § forward as is reverse l>10£?d 
flo« may simultaneously take placf across a glVers sectisfjn 0 

IE the human circulatory system, 

Dlrectlensl velocity capabUtty fn pti&T srt systems Ms 
been providad by synchronously detecting the echoes in two 
qusdratsire chsnrsels to obtain both real and c<^1ex vectors 
of tbe 0opp1er sfeitftsd ffequenGigs, £cHi& sfS^sls fmm tl?e t^-o 

20 Channels have been processed in & mmi^r of differerst ?sfays to 

all(M* directional flow w«Ve^^ tis be displayed. Signal analysis 
1ft the time 4cpa1n Ms been ysad as « direction msdlvliis 
tecteiqoe; using this technique flofw direction Is detersstnesi 
fre^ «bieh of ths processed echo signals }m4s in tim» m4 tbis 

IS particular signal 1$ then switched 00 for analysis mnd displsy* 
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ft^e metboii U susceptible to sw1tchtn|: artifaqtl, 

sMiysIs In the s^ase i^m^n m been proi>ese«i 
as 6 msthsd 0 smrmm sacih pth^r ftsward and r&vgrse 
flow cGS??pon&nis. tHIS mthod felles en phase shifting by 90 
signals in; «gch of tfee quadrature ch&fiftels &ad api^ropf lately 
siMmim cross terns te 1?s|5le?rie?^t the s?)gthematic®l sepa.rat1a« of 
ffenfard and receding flow components. In practice, deviatioiis 
from the ideal 90^' phase shifts required often produces cross 
talk between forward and reverse channels . 

Most Ooppler units available at present, However » do m%-, 
mpWj quadr^iture chsnnels snd ytilize a aero^-crosslng technlqi^e 
to convert the flow valoclt^ and its direction to a prppprtlpRsI 
positive or negative analog voltagie &^1|ate^s 4t$plm* '^^^ 
technlqug pro<Juce& a voltage pt"Op»rtlos^&t to tht iseart velocity 
IS i n the same vol time of blood i nsonified by tm ultrssoynd beam. 
For some spplicstloris, this is all that is tieceslary, m ofte« 
it Is desirable to visualise the; spectral !iisir1l>«tion of velocities 
present in ttie sistple s^elume. 

m ij?tstru^en:t ao4 ajsthod for directional velocity srseasyre- 
mt(i of the: flow of bipod m4 sImtUr 1 Holds ars realised by 
quairature uTtraioynd echo dersodylation and spectrum analysis 
fcy a complex Pourler transfom processor. The system? has at 
the jBiftimup at least one transducer element which Is excited to 
generate pulses of ultrasound with a §1ven BmHsion fraquency 
thst tnsonify a chosen sample voluTne in the objset being ejtasslimd^^ 
The receiver has 1n-phase and quadrature channels mth pfovisiw 
for defsodulating the echo si§nals with phase tjijadrature emission 
frequency references md fof piN*CftSs1n§ the desssdiilated slsnals 
to produce a f ocusM IP-^phase H) a foei^sed qaadratyrs 

30 (Q ) si gnal . h rgnge gate oxtracts I' pair of analog, s^s^l^es frois , , . - 
the focused signals after every pulse transmfss^e^ at a tlsie 
oorresi^ondlns to reception of fcackscattsred echoes ftm the 
sample volo8«, and a Soppier processor embodying a c»plex 
arlthmettc tsfTepentation of the Fourier transfom wutes 
3& frs^ sets anslof sasfles the ssagnltyde m4 sign of a dlstritotlon 
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of frequency shifts reTaitve ttj the €tmssl# fr^qyency^ which 
corresponds to ths bidi recti orval veloctt^ <^i«$r1byt1pn the 
ssmple vdtujpg- The Dpppler pr^cjc^s&w Is prefsrgfeiljf § dleltal 
Fast iFoMrler Tranafpm prcjcessor which ©perstfs in rgsl ti^irss, 

1 A parti culaf eriibsdm^f^t dijciissed is a dUplej* Isnsging 

system hsiving a ^-scan ims^ing Qoppler srifentstton #od§ 
sabsgqwerjt Doppler B3qide» and is an electronically' steered beam 
$1n|le^sictor i:tmfiBr with an incdrporated poppler mp#llty. 
The s:ysteB3 utilizes & c^simn trsssducer arrs^' iri bc5th th« 

10 iffiaglhg aftd the Soppier SiOdes* the fociised ifi-phase and 

quadrature signals are CGH?biBed to gerterate a resyltsnt stgrial 
which is fed to the B-scsn display dsvics. A sample volusie' 
for Ooppler Interrogation is Identified on the image* snd narrow 
bandwidth ultrasound pulses sre then transmitted along the- scan 

IS -line Intersecting the sample volume and thg echo signals are 
coherently demodulated and dynamically focused as lor Imaging, 
the Ooppler su£>systefR extracts an&Vag samples frofss ths fpeused 
I and Q it gn<s1s and Ms either s blPck transfoj.^ fsod^ In which 
ejselusive sets sf snalpg siamples are ^pectrMP anslyxed or a 

20 sliding transfers mode In which ovsrlapping sets of ar^alog 

samples ere sp^ctrym analyzed* the FFT (fast Fouif'ler tfansfpirts) 
processor fenerates a distritiutlbn freqtisnc^ shifts or 
^sf^locitles of which half ar^ for flow tovsard m4 half for flm 
away frm the transducer* the DoppMr di splay prints: out the 

2S bidirectional velocity distribution vs. tljrsg witis i^hlch is 
multiplexed m KG teleetrocardlfsgra^) sIsnaK and there can 
also be m ©scilloscppe so the oser siay observe the velocity 
variation In real tiRie. 

.f I6» 1 is sisspllfled block dlagrasR of & dijple>; ultrasonic 

30 Issaging syste??! with capability for hldlrectional velocity 
aeasur 65158 nt In the Doppler wdality; 

FIG. 2 is a block dlagrai^ of « receiving channel giving 
in »re detail the in-phase ill and ciisadfature CQ) signal 
processing channels; 

3S OSS.. 3 end 4 are enlarged vlsws of a saisple vplusie sf 

blood showing in 3 a y^locity vector at ah angle 0 to the 
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trensffiilted acoustic bessis and ip flS. 4 a %mple Mi)ium mth 

FIS- S IS a block diagram of the 0cw"isr subsystsmj 
FISS- £vs srscl 5b are waveform disiraais of the focused X 
and C| echo sl^fssls which s re the Inputs to the Soi^pl^r sasy^tm^ 

FIG, T 1s a typical yeleclt^ ^s. time illsflay far the 
Oopplsr mi^ pptwm} £C6 reference signal* 

The duplex ultrasonic; imaging systess in FIS. 1 has feeth 
B-scaR md Soppier mod&t oi operation and in the latter lao^sllW 
provides real time dlre?tlMs"l blood velocity InfftriisaiiQn from 
s iJrfesiglected p&lot in the ;b1»0i! %trem Using g Fourier tmnsfom 
prec^ssor tp coispate the^ v^lecity dlstribMtion present in a 
SKsali ssft^Te voTyme- The DoppTer processor 1s incorporated in 
an Issisglng 5&::^st.em wh^ich offers :#ystc1a« s *i!'isusl orientation 
facility* end employ1r§ tte Image «s- a guide he cm s^^^i^^ to 
Interrogate for Doppler almost any point in the field of view- 
of the Instrtsaent, A cosrvon transducer array is provided for 
both Imaging and Oopp^er exaiaf nations and the mstivatlon 
behind this approach is the accuracy thet can be nfetsined 1-» 
orientation and the resulting system simplicity. Another fMtar^ 
Irssportaot from the standpoint of this: iTtventlpn: Is that the 
quadrature echo defpodulatinn in the signal prbeesslnl mcmm 
far imaging hss s dual fMnctlen to i^tes^ent the Sof^ler 
TOdaTity. ultrasMtc Issaging sjfs-fem Which inci tides coherent 
dsmodwistloh of ethp sipaH foi1ov?ed tsy Urn delay mi coherent 
station of the demodulated signals is destribed in e cojjending 
tpplication W that title* ll-S, P^imt 4>15SyE60 IdotRet RD~100SS| 
filed on Hay £4» 1978 fey Engler and ^.^^ ifmmm, assigned 
|6 the Siflne sssignes as this iovehti»n» The echo pr0ces:sing 
channels of the duplex syst^ can he the same as In that 
application, byt srs described ofiiy to the extent needed to 
iir^derstsnd the present toyention. Before prec«adiR§ further ^ 
prfTiClples of heam fomatlor. and echo signal processing in steered 
bea® or phased array Issagers Bm mmm&d^ 
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t^mmn linear transducer array 11 trii FIS^. I Is coniprlst^ 
jsX s Utqs niimbsy- f>f pifez&el&ctric transducer efsssejj^s 11 which 
are energM by exei^ in s 1 wear time sequsnce 

to fsjm an ultrHomi hmtsi 14 ^tjid direct the fefesff? In s pres^&lstted 
sxiimjth direction to tr8«s.?»t a pulse of ultrasound. In order 
to steer the b&m electronically to an angle 8 degrees from the 
norsrsal to the array lo-ngitudinal axis, s time delay Incrsa^ot 
is added successfvely t& esch s.igaa1 s$ one f!5oye$ down the 
array from one end to the other to exactly cwapsnsate for the 
prapagatlon path time delay differences thst exist under plane 
v?8v^ (FraunhoffcT) eonditiohs. By progressively chfiRg^rjg the 
time sSelgy bft^^een sycce^siye excltlstlor! pulses » the ^tngle on 
one side of the Ron35si Is chsnged by Inerwnts* and to forfs gn 
acoustic beam at the other sids of the horssal , the tiffiing ©f 
e:;«,citstl0R pulses 13 is reversed so that the rlQHt-l^sTiid trsns» 
d«Cer is energised first 'dt\4 the iefi-heind trsriSducer ts energized 
}0t, Ohl^ the center portion of the strray is m&4 for tr&hSfstit 
but the entire array is used for receive. A total sector scar* 
m0B Ihdlcated fey dgshed lines 15 is approxiisateiy- B(P to fO^, 
tchoes retdrnistg f rep targets m the direction «f the trartsfsltte?! 
bmt arrive st the traMducer elements at different tl«s 
necessitating relsfsve delaying of the received echo signals by 
dlfferervl anjsunts so that all the signals frara a gU'eo pdrvt 
target are susangd simultaneously by sll elements of the array. 
The time delays of the individual echo signals; are the sasise as 
d«r1og transmission to compensate for acoustic path propagation 
delay differences, and these are referred to as being steering 
tirm delays or simply steerl/is delays* Eyery receiving channel 
aVso electrofifcslly and Oynamlcslly focuses a received echo to 
ccpspensate for the propagatlti^^ path tisne delay diffe^re^cfes froir? 
the ^o-cal po^Rt tD the varying indivjduisi array elesi^nt i?0sitions. 
The receivihg focus can be d^yosinicsl ly changed to track the 
range from Which echoes being received during tht ehco 
rSGeption period by s muTt1~step approximatlpn. This sector 
scanner features fine and coarse st^p focysl«g» Mhigro fine 
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foeyslR§; is schlevsd by- dynssaicaily phased coherent demodulation 
and CDarse focusing I5 sccomplished as In Iseam steerlrsg by 
sbannst - to-channel electmnic stgnsl dela^ differences. 
Ilectrsfilcally variable delay lines provide the steering and 
$■ focusim time delays. To effect cohererjt sumetion of the 

contrlbMtions frtm all receive elements, the delayed eche signs Is 
frosfi the in-phass (I) and qusdrsture (Q) receiving charmels are: 
fed to sujmjing anipltffers at the jfetitput of Whith are f0cused 
I arid Q esho sipals. Further processing of the Signal s 

W f^nerstes the B^%cm display d^ta> 

the dupl ax imagi n| systais in l^lt, 1 is a resl tisne :Sl«f 1 e~ 
sector stefered beas! Si^anrser 1 ntd vjhich is 1ncor|s<>rated a Doppler 
TOdality for resi tim bidirectiw^l folood f1a*f velocity fiSKSsure-- 
jseht- Thert are t**id ssbdes of operation of the duplex; imsgef 

IS system for yelocfty measMres^ (a) tha B^s^can imsging and 

Doppler orientation mode and (b) the Soppier processfng and display 
mode. The Tattfer modality is always si^bsequent to the fonmsr 
and the two are never slTOltaheous* Oxmrn- linear transducer 
array 11 has a larger interelement spacing for receive than 
for tra«s??5it to yield a wide aperture systen? with low side 
lobe grti facts using «! rjiinknum rsyijjber of relatively expensively 
receiver channels. The transmit arra^y is at the center of a 
larger receive array (elements in tM center iriay function dually 
transtslt ajsd race i ye elesients) * the- traf^siait eilerset^ts are 

g§ assoGiJited with a pylser 16 cspalsie of generatifif single l^ulses 
for B~scan opera t1o« so as to produce wide bahdwidth ul-trasotind 
poises > and ismitiple impulses for Doppler operstl-on haviwg a 
frei^Mficy equal to th^ required emission freqweney so as to 
§e?ierate 11 arrow bandwidtl^ ultrasoojftd pylses. The repetitio?? 

3D frequency of snESl'tip'le lispalse excttatSon is varli&fele and has 
high, iRters^ediate, and low settings selected Ijiy s controller 17 
with user Inputs, For fiirther information on satisfying the 
conflioting hsndwldth r«qyiremfnts» reference my be made to 
concurrrently filed gppl Ication U.S, Serial No. §3Sjl15 (docket 

31 1^0-10645) s E- Papadofrangakis, O.P>, Fakiris* and W.E,. Engeler, 
*'Gaplex liltrssonic Imaging Sy&t^ with Repetitive Excitation of 
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C^smnsr? tmstliscer in Doppler Itesfality'', assipned to the ssslgnae 
&f this iriventl&n. 

During successive trans^issiofi fsrIixJs of the 8- scan madt, 
pulser U gs-nerates a series of axcit^tlon mplses 13» one p^r 
S tNn^mHter elisij^entv with a tisse b^tmm succ&mim isipul^^s 

that Is Incremented frm Ms transmfssiori period to the nsKt to 

(liffsr^nt $t&n Tines covering the region of & b&dy IS beittg 
exam! ned, Ourlfig si teriiste r^e^ptlors p^rldds:, the re csi V0d esho 

te signals caused b-y ©ftergy echoing frcssn varisstis; fco% stryssttires mi 
detected fey receive elessej^ts 12 Irs cmmn array VI are lntftVtdi*a.1l-y 
amplified and fed to eeho processing channels. The major componer^ts 
of the receiving channel s» which feature the use of bases band 
signal processing to achieve good Isters! resolution wrille greatly 

IS reducing the required tim delay accuracy and instead requiring: 
more easily achievable phase fecuslng accuracy, have as mstjcsr 
components & reeeiy^r )& for sach ci:iarsnel » a balanced deiTsodulator 
m4 lov* pass filtsfr 2S, a time <le1&y device 21, and a pair of 
siamjers g2;> 

20 Referring to Flfi, 2* th« I ana (j processing channels for 

im echo signal generated -by a single receive eTeiseht )t f fe 
depi cted In greater xiatai U The echo sighal passes through a 
preaitiplif ier g| to an I channel dOTdylator 24 where it is miMd 
mth a dsmodulattfig signal from pensrator E§ which hss f un^fesnental 

2$ frequency equal to tt^e resGJtant frequency ©f the trafisdtJeer 
8le??tent or equal to the ultrasoyi-jd emissicsn: frequehicy. The 
de»dulat1rg referghee signal further has a phase determined 
by the path length difference to the object |sai at under examination. 
The demoduUted signal Is passed through a pass filter £6 to 

30 recover the envelope snd is then fed to a deUy line 2? which is 
preprDgra,w;ed with the steering delays and, in the situation 
where the path lengths differ sufficiently* a coarse focuslnc 
delay propetrtional to the p&th length difference. The delayed, 
facused demodyl8te4 sigsal: is fg*d to stM-tlng amplifier 22--1 where 

35 It is coherently suiriMci with all the other 1 channel deia:^'ed 
«^«>dulated signals to five the focused tn-phase signal J^K The 
desjodulsted signal vi;ilt:?ed in essch of the Q chgRfi^Ts is set 



to fee in p^ase quarfr&tyre rsialtefvahlp v#ith respect; to the de- 
me4«l:at1f5g siSMl ^« the respective 1 c^jsifsn^ls^ Tht echo 
Sig«a1 is m in parallel to <|^m(KSsiUtcJr M sf^d with a 

pi^m «5U^«iratMre emiss1&8 frequency rsferenee frm gefierator 29 
mch IS: further m ^^^^^ ^^^^ respect to the echo 

signal W the same phsse tfispUc^Bt extsttng In connection with 
the echo ::gn^ :defi?6<iul3tl«t signsU in the 1 channel. The quadrature 
d®m6duUte4 sigmrstsilUrty is P&ssed through 1sw pass^ filter 
30 to rect)ver the enve1o;>e, is steered and time delay focused 
In dslay line 31, end then fed to sussning affipUfler to be 
coherently sorsmed with the delayed, focused detnoduUted signals 
from, other Q channels to yield the focused Qysdreture signsl 

In prsctics, thrae receiver s^stm par^eter? are \pery1?i9 teing 
the course of en echfe receptioh period, thess being tim 
between elements, the reference s^snsl the balanced dsTOdyUt0rs, 
mi tfse receive spertiire Kldth. T^^s oaterijjpst receivlnf 
ehfennels {Fife, 1 ) are b1ii«|?.ed prc^rsssivsiiy at shorter ranges t» 
redue^ th0 receive aperture by steps and reaTlte is5iproved lateral 
fssoliition near the sitiri. for B^^&can operatlpn, t^e suiped 
^sid f pcuserf I and y sltnais^r^^ at 3? t» derive 

8 resyltatit S:1gni8Ll ©Ptsljied squaring the 1 and Q signals, 
eadiiig together the squared sighals and taHing the $m&re root 
«f the s«m. The resultant is the video signal and it Is post- 

I processed to improve the image before being fed to cathode ray 

tube 33 8S the Z control or to control the electron hessi intensity ^ 
Sector-shaped image 34 is built up radial scan line by radial 
scan line as the transmitted beam direction is changed incremehtally* 
sr.d Is a two-dimensional pfictwre of a planar slice through the 

3 body which Is displayed in rgal tiw. The Boppltr arientatloh 
jsjode Involves visual observation of f-scan irn^e M by the 
physiciao to ideritify a relatively small sample ^foluise ^rfthlr? 
tiie heart or tlose&y great arterial ¥es5e1s thradih v*rhicfe 
velocity of blood flow is to fee iseasured- A smtsble Isjtdmsrk on 

5 the Image delineates the Doppl^r exMinaiioi? region* ss^eh as 
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mm& fBT illusMsatlnf the teem direction thrsaugl^ t^N sample 
voT^P'S! and m iXlimimt&i rm$^ cursor ~ Assi» f'sr Ifistsrtcs t!:$at 
a saisple volume 3S Is betrjg eisamtrtsci (top qif FlS, 1) wMch H 
aldrtg %C-m line 36 at §n gngH 6 tO; tht nofpal and whlsh has a 

In the Doppler ©pefation;, system e&ntroll^r T? Is 

Mt by the user s«ch that narrDV* baniSwidth pyl &e& of ultrasound 
afg transmitted csnlj along the chosen scan line Intersectiiig the 
sample volume J and range gating is employed to sampU echoes 
fro^ the desired depth m<i cetect velocity patterns at spsclfic: 
locations. Repetitive pulsing ef th& trsn&fintt&r elements at s 
frequency equal to the required emission frequency causes the 
response bandwidth of the transducer to be narrowed. By gn 
appropriate tisslng. of the begifirsing of the multiple puUutg of 

IS each elesserit (tissie delay iRcrements ^m the same ®$ for single 
ijRpuTs^ :0xeftat1ofn} , tr&j^smttted altfasdiind is steered 
tb 8 cgrtsin dfrsct?oh or cars be fotuse*! kt s certain poiRt in 
space* Another feature of the Ppppler laoda:}!^ trsns^ucer 
excttstloR Is yspiahle repetition interval s f pr the tn^ltip^lf 

20 ssicitation 1« order to l>e: able to sdeQuateliy sample, at vafi«us 
ranges , hacks eat terie=d echoes f rsiR s l o^^ as wll as f ast SfiDvl rig 
blood cells. The 1hstri8g)erit helfsg cSescriiied J?as pulse feisjetltlpn 
fr&s^uency (?RF) settings of 4 l^fes S iijfe, md 1S KHjj, Far hifh 
values of velocity flow In sas^le volys^ies at close ranges, 

25 detectior! is sccoapHshed- by using a 16 KH2 FRF. Tho velocity 
resolution 1s relatively poor. Superior velocity resolutiori at 
low flow velocities and long rmsiges is achieved by the 4 mt PRF. 
To provide additional flesKlMHty in the choice variable to the 
user, there is an intentsediate setting of S KHx ?RF. The chosen 

30 FRF lultrasound pulse repetition freqi;ency) values in the Doppler 
mode are considerably higher than those provided In itesging, 
and tl*e trstnwitter suhsystea^ Is cskp^ble of providing apprciprlstfe 
exeltatipp iRtsryals for feoth m^m of opsrstlon, 

flS. 3 is s« eftlarg^d view Of saj?!0le mlms 35 and of red 

M blood ostls 3? In the blood strsas? which sre very SK^all fabaut 
B mierorvs in diamsterl as ss«5pared tp the altr«$o»pd yavelength. 



Red blood cells 37 jtjovs with a. certaiR- mm veloei% Indicated 
ibA' arrow 38 that Is at m angle M t© the recti on of the 
incident energy along scan line 36. Echoes bsckscettered from 
the red blood cells sre frequency' shifted by an amount prsportlonsl 
g to the frequency of tbe Incident wave SRd the wla^ 

flow. Hov'>sment of red b^ood eells thmugh the sMple v<^1ume 
tows rd the transducer array compresses the Wavelength of the 
reflected wave, ijieresslirig the freQyeirsc;j'V ?!5Gyeinef)t of red blood 
cells: awsy fro^i the tif^ansdut^r ari^isy Tengthehs the t«ave1sn0th 
10 of the reflected wave, decreastns the frei^MSsnGy. The Instrufsent 
iBsasyres onliy the cissmpo^ertt fsfan velQctiy 38 in tl^e illreetlofj 
of the trajtsiTsltted iiltrasoiiind bmm def ined by scan 1 ibe The 
formils fel sting DD|>|)ier fresjuency shtft and velocity is 

2f„v cos 8 

0 

where f « frequency shift , ^ ul trsssurid esjissionf frequenoy, 
y» jnegh velbclty of blodd flow, snd c speed pf sound in tis$M 
(l45Sm/&ec)> The yltrasoyjJd emission fre<^t<jeficy for card! sc 

20 scarshing is in tife ord^f ^t 2~S HHs, The rsnge of hyman blood 
velocities Is known and Doppler shifts are In the autlio spectruis 
of afaoot G,2~S KHi, The red blood cell popu1&tto?i of s&rs^ple 
vciluffig 3S Is constantly chijnging and It Is necessary to get a 
numher of samples of frequency shifted echoes in order to calcylata 

25 an accurate valise of velocity. Red blood cells ffiovlng past the 
ssfs^ple volor^e hacKscstter ultrasonic energy containing e spectrum 
of Oopplsr frequencies, and these CorrespDnd to tise dis-tribtstioo 
of veiocities present irs t^e sampled region. Hears velaclty car? 
be calcylsitgd by aversgltig the cOTponents of the distrtbutlbn. 

30 Anothgir fsctot Is th^t blood flow may be turbulent as §bown in FtS* 4 
and the velocity th^n is in marit:^ dlrectlfehs. JKfscMledSge of the 
distribytloft of bldlrectionsl velocities issproves the acearaey of 
detectfni tyrbuleht bflood flow. The dissensions of sassplt 
vo|»8 S5 are made relatively small , such as a Ssrss dlassstftr, 

35 beeaiise then a ssore valid represeiststion of velocity «t a 
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specific point Is obtained. The present duplex, system .acquires. 
8]ult.1ple samples of fraqtserKy shifted echoes In the Ooppler mo4e. 
for each velocity dfetemi nation. I.e., the*"^ multiple pulse 
transmf ssfons snd In each case the echo signals are focused sod 
S samples are gated ts the Ooppler processor « 

Direct lonal detection of Mood vi?lr>c1t1es Is bssed on 
synchronous demodMlation of the rtcefyad echoes in two ^usdrsittire 
CPfeponents as just described snd subsequent prsstesslnf fey s 
epsr^plex Fsarter trsnsfpriR processor. By propierl^? seleetlhg the^ 

10: poppler prbtessor, bldlrectlortal wl&tity measuremrsts of the 
flow of tood ^T4d sim»r litjiiids We. achieved In teal In 
the kppisr i»ode ef operation, the echo signals are processed 
throqgh the qusdrsture receiving channels §nd electrdhtcalljj' 
steered and dyj^amically fcfcussd in exi&ctll^y the same wnner as 

IS for 8»$can imaging with the «x«;sptio?t that the suasmed and fcssused 
I and Q signals ere fed directly to tf5e Doppla- SiyftqT^ wfthdut 
generating their resul tant. The focused 1n-phase and tiuadmtdre 
sfgnsis are sampled at g specific tim after each transducer 
excitation interval which corresponds to the time tsken for the 

20 ultrasonic signal to return to the transducer frm mm A range 
gate 40 Is opened by controller 1? for & re l& lively short 
Interval $t a tim corresponding to reception of echoes back- 
scattersd fmm the sample volusRe and extract a pair of analog 
ss3sples in pisranet , DoppTer processor 41 esjfeodfes « cosipl^s? 

gS arithmetic ImpleR^ptatlpn of" the Fourier transfom arid deHyes from 
sets of pairs of ana1t?g saispps, the laa^^ a^d sign of the 
fri^qijepcy shifts ef echoes mih respect to the mission frequency ^ 
and therefore the flosNf velocity and Its direction. The Soppltr 
prdc^^s^or is pref^r&blj^^^^a real tlsne dif ital Fast Fourier Transforss 

3(5 |FFT) processor, f yll spectral analysis Is a powerful methsfd 
using the entire p<&mt speetriM of Doppler shifted cof^ponents 
that correspond to the red blood cell velocity' distribution in the 
sajsjple volusse* The power spectrus? contains all the svgllsble infor-^ 
mstlon concerning the f1ov>' of blood through the transducer beam. 

3S the output spectrgl coniponents can be averaged in a matheiMticslly 
correct wsy to obtain ^ccorste ssean f reqs*ency estimates. Knowledge 
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of the speed of sound i« tissue and the emission freQUfene:y of 
Mltrasound pul&es preyidss the additional parameters necesssr^y 
f0r a mean velocity reading. It is b&s.% however* tc? csMp«tt s 
distribution of frequsno' shifts and d1sp1a>' a: siistHbutloh of 
g feldtr^Ctlohsl velocities. 

the dyplex 1:?sa;fing system has two typi^s of Soppl&r m4& 
display devices for the velocity Infomstion, Thfe distribution 
csf Doppler ft^equencies ire first displayed oh m D5ci11oscoi>e 
4Z so that the user cm olbserye their yariatloR in tm% tm^ ^ 

W h^rd mp^ of the evolutlors of the vel0c1t|f fetrlhytlpn with 8^ 
is printed: up %y s strip cWtt tetor^Br 43« The recorder plot$ 
the Infom^tlon at a rats selec tod at the starts and »st of 
the disp^la^' poj'iod ts taken up by the Doppler information- with 
8 smstler portisin reserved for a iiHiltvplexed ECG signal. The 

15 latter provides a time reference; for events occurrlnf during the 
course of a heart cycle. 

FIS. S Is 8 block diagram of a suitable Doppler syhsystem. 
This su&s-yst^ extracts a Ooppler frequency .-spgc-fw frm sixteen 
focused in~phs.se and qusdrsture SignsTs* c^pwtes the power spectrum 

30 and §enefStfis an snalog output that rspresersts si>£teef5 Doppler 
freQMeoties, l^slf of these freqMefscies torresjpond to positive 
Doppler shifts (fortefard flow) ahd the other half to negatiye 
shifts {reccing fldvs«)- The processor operates In real tim 
with the system riinning at pplse repetttlon frequfepies of 4 KHt^ 

B S m^, and 16 mz. Mhm processipg time is aval lahle, parti cuUrly 
at the higher PP's, the processer 1nte§rstes several spectra 
befere reportioi resplts, the pfdceisor can operate on data 
samples in one of two my& resulting io either s block of a 
sliding transfonr>, 

30 Gate or sasipHrjg circuit 44 corresponds to ranga §ate 40 and 

extracts a sample of the focused 1 and Q signals ^1 andSQ) from 
the time delay subsystem at a time corresponding to the user 
selectred target range, As was explained » at the instant of 
Doppler sampling the values of apert:dre mdth, demtsdulator reference 

3S phase, and time delay am autolptlcillly those reqtii red to f dttis at . 
range R. Although the paraMters vary during tlie coyrse of a 



pulse repfititlon Interval, tftey are sImsj^s saise at the 
selseted instant of sasspiing frost; one repetition interval to 
the next. Typical feciised 1 aR?3 Q signals are illustrated in 
FISS. 58 and 6b. The sampling Interval Is very short, sach as 0»1 
SiicrosecondSs as compared mth the timt duratlDn of the yVtrssound 
pulse to realUfe velocity Jneasurements with maxlJBum sensitivity 
at >a specific point in the bleed stream. Upon the occurrence of a 
range trigger pulse (FIS, 5)* oste circuit 44 passes a pair of 
analog samjiles to snslDg-to-cJigltsI CDnverter 4S and the pairs of 
digiti^sd ssispTss nre ttmM in a sissnary 46. Doppler prdicesscr 47 
features & digital implfiphtation oif s f1xtesn~|!>o!nt real tisje fast 
Foyfitr transfofiS. 11^ nymbier of transform points is detemlned by 
the minifsuss desirable spectrsl resbTutloh and a tradeoff of range 
m4 vel0city discriinlndtlan, FFT 4? H constructed with #gM C£ 
chips such as are discloseii and tleiinesl 1n latent 4>S2Q,334» MM. 
Po»^ll and; I win, ''lnt$!grate<S Arithraetlc Unit for CoRjputlpg 
Sosse Indexed l*roducts'% assigned to the assignee of this Inventlori, 
tbe disci o*syrfe of Vbich U> incorpisr^ted berein by reference, Tlsess 
tt chips provide cc»np1ex arithmetic for a s1xteen~pof«t digital rH 
tsssed on radix 4 algorUhn), The digital FFT compiJtation gives m 
ordered output frequency spgctrum comprlinno sixteen frequency 
bins, half of which correspond to positive Doppler shifts and the 
Other half to negative shifts. An o«tp»t spectrum can he calculated 
once sixteen I and sixteen C| samples from sixteen consecwtlve schp 
returns are sccumulatied in jnemory 46> Ti^ese samples are Fourier 
transfpnijed tp prPduce sixteen real and sixteen iinsglnar^f tepeffl^ients* 
mi the pov^er spectrMss Is obtained by squaring and adding tbs 
cdefflcients on a 1:1 besls. Movment of the fed tolooiS cells cause& 
rotatfon of an i-Q phasor in a unit circle, The rate: of rptettpn 
Indicsteis. vel&clty, direction of rotation gives flow sense. It Is 
^ propert;y pf the Discrete Fourier iransfonn {BFf ) tti&t co??tra- 
direeted velocities pro<Suce cprnplex output numfeers corresponding to 
different velocity bins* In this «ay> a compies arithmetic Fourier 
transfonfi permits a^ sepratloh of the Doppler spectra for forward 
or receding flow. 

The outputs of the ffl processor 4? are sixteen I end sixteej? 
Q signals representing fr«4Pency stiff ts* and sixteen resMltant 
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signals are gstserated for displsy in circuit 4S in the same 
fashion as for the 8- scan dlsplsy by stjuarlng correspondirsg I and 
Q signals*' »dd1ng the squares aod taking the sqysm root of the sum. 
The sfxteers resultant signals ^ half for forward flw and 
5 reeedlr^tg: fim^ jsre ffed to ap acci«mil4itpr namalizer 4S f»r presen:t- 
atlors to I'm display either in block tran^fd-rm mpM 6f slldihg 
tfansfom ssode. In th^ first excliusivs &§ts of analog saRsple pairs 

m^iyzBii i-e. , tulie-iehp tyc%^i 1-«16> 1?-^33» etc. the 
Tetter mode ovej^tapping ssts of anstog sampie p0r% ara analyzed, 

10 pul;S0-eci5d cycles 1-15^ 4-30^ 8-24, etc, Video out^Jut dats 

passes through a B5yTtip>e!ser 50 where ft f& mol ti*plex#si \sf1tfi the 
EC6 Sl|nsl , and U then fed to a 4i:§i:tal*to--afialo§ converter $1 to 
gtnerate the output dsta.: 

Doppler subs^stom control units S2 sftd 53 are Illustrated with- 

15 out a full showing of the Input eoj^ands from controller I?, 8kck 
52 is the TFT control and Its Inputs are s trsnsform sll^s number 
oai«))and and a velocity scaling: coassand, and tlocic 52 Is FFT and 
output tlT3l«8 circuitry. 

At each instant In tisje, the Quppler prpcessor reports the 

m ultrasound power spectra baekscattered: frm the s^ie yolus^a* 
snd: tht& corresponds to the ^relocity dlstirihutiofl 1h tHo sssi^le: 
Voliisie. The dlstrlhutidR contains eight pasitl ve and aight negative 
read1«g&» and one m$ aversige tha yalo&ity cossponents present in 
tho mtspTst rnlim and display a maan vaiocity readlfigv Alternatlifaly * 

25 |he sntlr^i dlstntJiitidh %m foe displayed* anfd ths Tstter approaeh 
Is preferabie in situations of tiirbMlent flo«, A typical pl0t of 
btdir^ei:t1ona1 blood flow vetocities v, tlise, with a distribution 
of veliclties at evary time coordinate, such as Is printed ©yt by 
strip chart mcQr6w 43 CH^- Is given 1n FIS. 1, A m-jlti- 

30 plexed ^CS signal to provide a hsar,! cycle time reference is 

also Illustrated, The velocity scale for strip chart recorder 43 
Is coordinated mth the selection of pulse repetition frequency 
thst the S3'stem mU ose> The selection procedure Is to start 
mth the msxlsum velocity, and therefore ©a-^siisiian PR? , consistent 

3S «1th the selected range, and theo decrease it In blnsry steps if 
the sbssrved result is less tHSTs Ons-h&lf cycle. IhH precedyre 
avoids aliasing tha Soppier velocity* 



It is not e&senttal to the ijivefttion to have § tr&nssSucer 
array and ;a mul tlplo ch&Rftel receiver, sf^d ars ultrasDund 
tnstriiment for bidirectional velstity measurwnt of the flovv of 
^loed W slsitlar liquid? my Kssvie only m& tmmdumr elemnx Mtk 
I snd U signal procsssir5| ehanoels such as is sh^wh in F IS, Zi 
Symhmmm 4mo4u%&tim of the i^tfto with ?sh8Sg^ quasrsturs 

mimon frequency raferarsces U m essential festyre of ths 
stgnsl process irig* bu't phase foe^istng && prmiom)^ 4^sztih0 H 
not iesSiSifiiili^l, liJiswisii titp Dopjsl&r in5trt«nes>t; tm foe Wilt as 

separate unit and need not be part af a duplex system with S-scan 
imaging eapafeiintiy. In either casfi, tMs u1 trssatind technique is a 
strictly ?3&n~irsyasi¥e, riontraiirr^tlc method far tJisiasuriog bi <li recti onal 
blood velocity. 

Wh11e the inventian has been psrticularly shown snd Ssescribad 
¥ith reference to several .perf erred embodiments thereof. It will fee 
understcfod by those skilled in the art that various, changes in 
fom and details way be made therein without departing from the 
spirit and scope of the Inv-ention, 



1, Ars ultrasoufsd fnstrusi^rst for isKssuHnf the yelocitf »f f'low 
of blood md $im}&r liquids cot^rising at least 6m ttm^Mmr 
^■Immt for tr&nsmttin§ pulsm of ultrasound with s preselected 
egii sslon frequency and for generating received etlio $TgrigX$, trsRs- 
I mi tier mam for exclttns said transducer elesserst to sequentially 
produce uMrasouad pulses that Insonvfy s, chosen sample volume in 
the object being examined through which flow velocity toward 
m^' from the transducer Is being measured, reteiver jse&ns for 
demodulating said echo sfgnsls with phas« quadrature mission 
W frequenc)? referehces and for processing the fcsoduUted sigrtals 
tp prQdiizt fmumi ifi-phase and Quadrature signal s» a range gate 
for extracting an analog lample frdns both focuse^i signals sfter 
m$.ty pulse tfafssmlsfeion $ %im corresponding te mee|?t1ijn ®f 
mhms baciiseattsred frm tise sample vdlt^e* a H^pplssr processor 
is eiibodyfng a coss^lex arithmetic |ii8pl«:«)ent§ti(>s of the fmrier tmm^ 
fom for deriving frm sets of said anslgg sarstpies the sjapitude mi 
Bim bf the frequency shifts of echbes with respect m thf mission 
frequency aisd therefore the flow yelocfty and di recti on, and 
display sssns for visyally displaying Jji directional velocity? as 
m a function of time. .. 
Z. The ultrasoiifsd instrument of claim 1 wherein said Doppler 
processor operates in real time and produces a distribution of 
freqyeficy shifts and velocities of which half are for flow toward 
the transdijcer and half away from the transducer » 
3» The ultrssowod instrui«r«t of claim E whereio said display 

printis o^t a distribution of velocities at every time 
coorillnate with whieh Is isuTttplexsd an electrocardiograjn signal. 
Av The ultrasound Irsstrym&jiit of dUli!? 1 wherein said Dof*|>1er 
processof is a rea,l time digital fast FouHer Transfom prooessor. 



S, A Steer&{i hem u}tr&mm imtmwe.nt for mea&uring the 
vei'>«-^*y of 'f'JiSv^ 0^ fe'^^^^^ similar lli^yids comprising a 
transducer arrsy having pural electroacoiistic transducer i 
far tf#s?5!i tting pulses of ultrasound with a preselected emlssian 
frequency a f^d for genera ting r£;cfe1ved echo sfgnslSv trarsssitter 
jne&t^S for sequentially exciting selected trsnsduc&r elements 
v<ith an e1emant-t0-Bleme«t tlmTng to generate a narrow bandwiatH 
ultrasound puUe that propgstes Along s chosen radial £ca« tine 
and Iftsonif-ies a sample vQluff« if> the obaMt bslrtQ essassiTtSi^ tNmsi^h 
which flow velocity toward and awsy frosn the nrm' n be^rvg measured. 
§ ffiultl channel receiver m&m <0heT8«t1y demodulating said echiS 
*;-i'>nal$ with phase quadrature emrssiot^ fr^queney refBr^snces an^ 
fer time delsyins the desjoajiiated signals to |>rodac& 

a focused 1«~pHase signal aos a focuMd quadrature slnMl jf s range 
gate for £Xtrset1qS: a pesir of m&im sassp>es In parallel frmw^d 
focused in-pbase a^id <5u^dmyH $i§ftals aft^r «^erj? pulsa tran^- 
{sissloTS St & tlnse corrsspofidinf to reception of echoes beckscattered 
fr<^ the sasT^ie vDliisnei a aiittal wlex Fourier transfonn processor 
Ur tm&tBi)y deHving from pts of said pairs of analog sassples 
the mgRittJfie and sign of the frequenc:y shift of echoes with respiact 
to the ejalssion frequency mi therefore the flow velocity and 
direction, and displdy mB&m for vlsuslly displaylrig bidirectional 
velocity as a fursctlon of t1»6. 

6, The ultrasound InstnsiBent of claim S wherein said coRiplex Fourier 
tr&nsfom processor operates in real tim at plural settiTigs of the 
isltrasound poise repetition frequency, 

7. The ultrasoynd Instrisnent of claim S wherein said esss^lex 
Fourier tf^nsfor?rs processor is a Fast Fourier Trsnsfons fr0cessof 
*fhloh produces a distrltjpti^^n of frequency shifts and velocitlts of 
«h1ch h&lf are for flow towariS'the array and h&lf ai*gy from the array, 
and whereio said iJIsplayiseans displ^ a distribution of velociti^ss 
St e^^sry tliste coordinate. 
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8, A duplex ultrssonlc waging systepi hayi^n^^ 8-ss;8n: a.?5d Ospplef 
orierstatioH mode sf operation and a subseQUBiit Oopplsr issd® of 
opera t1 en cdm^srlsiog a copnon trans dycer arf a^if for feotih mddes 
cds^f lsfed of |)lu;r§l iji«|i3e1f ctr1;c eleisents f&r trsnsmittlRg pylses 
fiiT uitrasouod i^itb a presei ectesE; esslssioR fresju^^ncj' and for 
f&neMt1% receivss3 eehp slgMls, m&ans for excltw selecteii aw 

spsiM pit\sm th&t sr0 transmitted aloRp different scsn lines tjS^ 
perform a scan; of s region being ^%mim6i means for coherently 
feotiulsting said echo sfgnaVs yslflg phase quad rati; re smission 
frequency' referenctes: and f^>r time <isl:a|'1«g and summij^g the d^dyl&te^i 
signals to produce a focused tn-phefse signal md a fotyssd 
quadr&ttjre signal, sieans for deriving a resylta?it siinal from ssid 
focused 1n~phass and quadrature signals* and & B-scaft d1$|>1ay for 
displsys«g said resuHsfit signals gs a visual Ira&ge of the 1nsonlf1«d 
region, means fer exciti?5o ssliscted array eleiS8f?ts durins Ooppler 
operation to secsueotlariy prod^oe ttttras&urvd jJuTses that are trans-- 
?jilttes5 along a chosen scan line Intet^^ecttDig « ss^le ydlyjse tHroygh: 
Which the vetoclty of blooiEj toward andl away frm the array Is 
feeing ssea&ured , the rec&iyfid echoes Mim coherantly dafiodijieted and 
tim^ delayed mi smmi by the previously inentioheil isseans produce 
focused in-phfse and quadrature slgnsls, a Soppier subsystem incl¥diR| 
a ranp gate far extracting s jpalr of anislog sigfiatTs; in issrsllel 
from saiii focused in^phase and quadrature signals aft^r ewry pulse 
trar^smssio.n st a time cor riesi?qMi*>9 to reception of echoes back- 
scattered ftm ths sample vdlupe, and furthsr fncludirig a digital 
complex Fourior transfom processor for deriving from sets of said 
pairs of analog sismples the mgnttude and sign of the distribution 
of frequency shifts of echoes v^itn respect to ths emission frequency 
and therefore the distribution of bidirectional vesocltles, and 
Soppier display ffitans for visually oi&playiog bldireotloanl velocity 
as a function of tiisfe. 

B. IhB duplex syst^ of clmm S wherein said C4^lex fourier trans- ' 
fornif processor operates in real iim and Is a sixteen- point Fast 
fourie^' Trsosfora processor. 



Ipv The duplex S0t&ti pf claim 9 wftereift s§ld D#fs1#r d1$p1ii:^ 
Rssans includes an osciiloscops for df&pla^lfsg tHe dlstriytlon 

velocitie^s at every tiffls co&rdir*at« and a recorder for prlntltsg 
out the dlstrlNtipfJ of ve^scftles wftli v«;h1ch Is isylttglexed sr* 

11, A m&tho4 of bidirectional veloHty measumsent of the flow 
of blood m4 siHsllsr liquids comprising the steps -of exciting- * 
trsnsdycer arrsy of piezoelectric elements to sequentially generate- 
pulses of uHrasound that in&onify a chosen sample volw8e ia 
the object being examined tNrQugn vvhlcfi flaw velocity to^'Sfd and 
away from the array Is being R^ea^ured* $M alternately after every 
pulse transmission detecting recslysd echoes arsi geoemtlBg echo 
slfnals, processing the mho signals 1« multiple; receiving char^nels 
each having an in-phsise snd ^ qu&^ratyife c;hfisnnel Ij) Will ch the 
echo signsTs are coHereritly demodulated using phase quadrature 
^mission frequgney refienence signals m4 dynami cgTly fdcused sM 
s\im^4 to produce focused 1n~phase and qyadrstur^ signal gating 
said ffeftMied sigHsl^ for a short intefvat to extrsct a psir of 
analog snsaples representing Echoes feackseattemd froi the ss#le 
vol lime , and analyxihi said pairs of snal sg sisnsis with a Soppier 
processor ^bodylns. is complex 8r1ths?et1c IJTsplsmentstlon of the 
fDurler trafssfon?. to derive the rrsignltude and sign of ths distribution 
of frequency shifts of echoes with respect to the emission freawsncy 
and therefore the distrUiutlon of riidlrfectional veloc1ties^ 
1?., The method of clsim 11 wherein said Doppler processor sp«rates 
In block trsnsfsn?! mode and ac(|«ires and analyses excluswe sets 
of said pairs of ar.slog ssmples, 

13. The method of clalns 11 whereirj ssid Popp1«r processor operates 
in sliding traMfppi i??ode ahd Mquilf^s ^nd analyses dverlapping sets 
ef said pairs of analog sasiples, 

the isifethc^ of claim 11 or claim 12 whereift the step analy^ins 
analog sasnples vfHh a Iksppler processor comisrises analysing with t 
di|:ital Fast fdurlef transf om iFFt) processor which ©perates in 
real tir?^> 
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